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DESIGF  AITD   TEST  OF   AN  ELEGTRIO 

C-  FURHAOE   PYROtffiTER' 

INTRODUCTION 


According  to  latest  estimates  (1920),  almost 
a  million  dollars  worth  of  coal  is  wasted  every  year 
in  the  United  States  due  to  inefficient  comhustlon  of 
fuels  under  steam  boilers.  The  average  boiler  effi- 
ciency is  around  50^  and  could  be  easily  raised  to 
around  70fo  if  the  biggest  loss  due  to  imperfect  com- 
bustion could  be   eliminated. 

The  problem  then  resolves  itself  into   finding 
a  method  for  determining  the  proper  proportioning  of 
air  and  fuel  in  the   furnace.      This  method  must   be 
simple  enough  for  the   fireman  to    follow,    and  the  more 
independent  the  device  used,    as  a  gniide  is  of  local 
conditions  the  more   its  practicability. 

Now,    if  the  temperature  of  the  furnace,    or 
rather  of  the  gases  leaving  the   furnace, be   studied, 
it  will  be  found  that   the   closer  the  amount  of  air 
used  for   combustion  is   to  theoretical  requirements 
the  higher  will  the   furnace  temperature  be.      In  fact, 
as  will  be   shown  later,    for  all  fuels   satisfying  the 

condition  that  they  require  7.5  lbs.    of  air  or 
thereabouts   for  each  10,000  Btu.   of  their  heat  value, 
there  is   a  definite  maximum  temperature   for  the  gases 
in  the   furnace   for  perfect   combustion.      If  200^  air 
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is  used,  ttie  temperature  of  the  furnace  will  "be  atout 
half  its  maximum,  and,  in  general,  the  temperature 
will  he  practically  inversely  proportional  to  the 
relative  amount  of  air  used. 

The  furnace  temperature  is,  therefore,  a  guide 
to  comhustion  efficiency.   Thus  suppose  that  it  is 
desired  to  avoid  clinker  *i|formation  and  the  "burning 
out  of  arches,  so  that  a  furnace  temperature  of  2000  °F 
is  decided  upon  as  the  ideal  one.  Then,  if  for  the 
fuel  used,  the  maximum  theoretical  temperature  is 
4000  °F^the  chosen  temperature  corresponds  to  ahout 
ZOOfo   air  or  to  a  100^^  excess.   If  7.5  Ihs.  of  air  is 
the  theoretical  requirement  for  10,000  Btu.,  and  if 
the  boiler  room  and  flue  gas  temperatures  are, say, 
80°F  and  480  F,  respectively,  the  loss  due  to  excess  air, 
for  an  average  specific  heat  of  .25,  is. 

Excess  Air  losses  =  .25  (7.5+1) (480  -  80)^ 

-   850  Btu. 

or 

850   =  8.5^ 
100  10^ 

For  200^  air,  the  loss  is  doubled  and  is,  therefore, 

increased  to  17^.   Considering  the  fact  that  the  usual 

excess  air  found  in  practice  is  around  300-4005^,  the 

losses  due  to  excess  air  are  reduced  from 

32  or  4:2,5%   to  only  17^, 

with  a  resulting  saving  of  about  20^.  if  the  farnace 
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temperature  is  maintained  at  2000°F  "by  damper  regula- 
tion with  a  furnace  pyrO-meter  as  a  guide. 

A  simple  relialDle  furnace  pyrometer  would, 
therefore,  make  possible  tremendous  fuel  savings,  if 
followed  by  the  fireman.   The  difficulties  of  using 
thermo-couple  pyrometers  for  measuring  furnace  tem- 
peratures are  twofold.   In  the  first  place  the  tem- 
peratures of  the  gases  in  the  furnace  vary  by  several 
hundred  degrees  from  point  to  point,  so  that  the  indi- 
cations of  one  thermo-couple  in  a  furnace  of  say  100 
sc[uare  feet  of  gra-te,  surface  would  be  meaningless 
on  account  of  such  poor  "sampling  efficiency". 

In  the  second  place,  the  average  thermo-coup- 
les are  not  suited  for  continuous  exposures  to  tempera- 
tures ranging  from  2000  to  SSOO^F. 

Optical  pyrometers  are  not  satisfactory  chief- 
ly because  they  indicate  the  temperature  of  the  fuel  bed 
instead  of  the  gas  temperature.   In  fact  a  variation 
of  about  SOO^F  in  the  gas  temperature  has  been  found  to 
correspond  to  only  a  small  change  of  about  200°F  in  the 
fuel  bed  temperature. 

For  this  reason  a  new  electric  furnace  pyro- 
meter has  been  devised  of  a  high"sampling  efficiency" 
and  of  great  sensitivity  and  simplicity.   This  thesis 
comprises  a  discussion  of  the  theory  design  and  test 
of  this  type  of  furnace  pyrometer  which  was  installed 

th: 

on  a  350  H.P.  Stirling  Boiler  at ^Armour  Institute  steam 
power  plant. 
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GEIIERAL  DESCRIPTION  AKD  THEORY 

In  practically  every  furnace,  the  hot  gases 
pass  over  the  bridge  wall  before  reaching  the  boiler 
tubes  or  the  flues,  as  the  case  may  be.  The  average 
temperature  of  the  gases  as  they  pass  over  the  bridge 
wall  is , therefore,  the  one  that  would  indicate  the 
combustion  efficiency  of  the  furnace* 

Suppose  now  that  a  conducting^say  metal,  tube 
is  passed  through  the  setting  above  the  full  length  of 
the  bridge  wall  and  water  is  allowed  to  flow  continu- 
ously through  this  tube  at  a  constant  rate.  Then  the 
rise  in  the  temperature  of  the  water  due  to  the  effect 
of  the  hot  gases  on  the  tube  is  evidently  an  indica- 
tion of  the  average  temperature  of  the  hot  gases  along 
the  full  length  of  the  bridge  wall. 

The  test  pyrometer  used  on  the  Sterling  Boiler 
consisted  of  3/4"  wrought  iron  pipe  stretched  across 
the  bridge  wall  and  supported  by  a  24"  wall  on  one  side 
and  by  about  a  36"  wall  on  the  other  side.  It  was  con- 
nected to  a  city  water  main,  and  discharged  into  the 
sewer,  the  flow  being  regulated  by  means  of  a  valve* 

The  design  of  such  a  pyrometer  involves  two 
distinct  phases. 

(1)  The  thickness,  diameter,  length  and  material  of 
the  tube  must  be  such  that  the  final  water  temperature 
for  the  highest  furnace  temperature  to  be  measured 
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shall  "be  safely  below  "boiling  pointt.   Tlie  rise 
of  the  water  temperature  should  he  between  E5  and 
100°P.  to  he  conveniently  measured,  and  the  heat 
ahsorhed  by  the  pyrometer  tube  should  be  as  small 
as  possible,  or  only  a  fraction  of  a  percent  of  the 
boiler  rating.   The  coefficient  of  heat  transmission 
should  bear  a  definite  constant  relation  to  the  tem- 
peratures measured. 

(8)   The  thennal  e.m.f.,  if  thermo-couples  are  used, 
should  be  sufficient  to  make  it  possible  to  use  a 
comparatively  rugged  millivoltmeter.   If  a  recording 
pyrometer  is  desired,  means  must  be  found  to  measure 
something  which  can  be  recorded,  e.g.,  resistance. 

The  problem  then  is  both  a  mechanical  and 
electrical  one. 

Analyzing  the  problem  of  heat  transmission 
first,  we  have  the  relation; 

(1)  US  (tg  -  tw)  2  Heat  absorbed  by  tube, 
and 

(2)  60  WO  (t2  -  ti)  =  Heat  given  up  to  water, 
where 

U  =  Goeff.  of  heat  transmission  Btu. 

S  -  Tube  Surface,  Sq.  Ft. 

tg  =  Temperature  of  gases  in  furnace 

tw  =  Mean  temper,  of  water  in  tubes 
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to  r  Temper  of  water,  hot  end 
ti  s         '•    "    "  ,  cold  end 
W  =  Water  discharge,  LBS./M  I  N 
C  =  Specific  heat  of  water  =  1 
Since  there  are  practically  no  losses,  we 
have, 
(3)      US  ftg-tw)  =  60  W  ftg-t-|_) 

For  an  average  value  of  U  «  20,  as  common- 
ly used  for  holler  tubes,  and  for  the  pyrometer  tuhe 
furnace  temperature ^etc.  as  used  on  the  Stirling 
boiler,  we  have,  U  =  20, 

S  =jtdl;  d  -  1"  (O.I).);  L  =  9'3"=9.25' 
or  S  s  9.25JC   -  2.42  sq.  ft, 

tg  .  2000°E. 
tw  -  100°F. 

W  =  60  av  D;   a  =   .533   sq.    in. 
V  =  1.5   ft/sec.   D  -   62  #/cu.ft. 
or 

W  =   50  X  .533  X  1.5   x  62    -  20.7  Ibs/min 
Tli " 

Therefore,    the   rise   in  water  temperature  is, 

Tg-t-i    -  gs    (tg-tw)«   20x2.42x1900   =   74O51 
60W  60x20.7  * 

The  water  is,    therefore,    safely  below  boiling 
point    for  the   case   considered.      If  the  furnace  tempera- 
ture  is  much  higher  than  2000*^?.   the  water  rise  may  be 
still  kept   down  by  increasing  the   flow.      Thus,    if  the 
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veloclty  is  increased  from  1»5  to  say  5  ft. /sec,  the 
temperature  of  the  furnace  could  he  in  the  neighbor- 
hood of  3900°F«  for  the  same  water  temperature  rise 
of  74^F. 

It  is  also  evident  that  the  above  water 
temperature  rise  is  large  enough  for  electrical  measure- 
ment. However,  if  we  analyze  the  assumed  design  for 
heat  absorbed,  we  find  that. 

Heat  absorbed  s  US  (tg  -  tw)=  202:2.42x1900  - 

92.000  Btu/Hr  ~   92.000  - 

33,500  " 
E.75  Boiler  Horse  Power. 


or 


2.75  _ 
100  3B0~  -  .786^  Boiler  rating  which  is  uji- 


necessarily  too  large. 

By  proper  choice  of  the  tnaterial  and  the  di- 
mensions of  the  pyrometer  tube,  the  heat  absorbed  may  be 
considerably  reduced  without  appreciably  affecting  the 
water  temperature  rise  or  the  sensitivity  of  the  pyro- 
meter. For,  rewriting    (3)  we  get, 

U  dl  (tg-tw)  _-  3600  avD  (tg-t^Jr 

3600  ^(gd)^  62v  (t2t-j_) 
4x144 
or 

71  (tg-tw)  =  387k^d  v  (tg-t-j^), 

where  E  is  the  ratio  of  inside  diameter 


outside  diameter 
(4)       From  the  last  equation  we  note  that  if  U  is 
decreased  we  must  only  decrease  either  Ii  d  or  v  in 
proportion,  to  still  retain  the  same  water  tempera- 


ture  rise,  ^p-'^i* 

]Jow  sensitivity  may  be  Gonsidered  as  the 
time  it  takes  for  a  change  in  furnace  temperature 
to  he  recorded  hy  the  pyrometer.   For  a  given  lag 
of  heat  transmission  through  the  pyrometer  tuhe,  the 
time  considered,  must  evidently  depend  upon  the  time 
it  takes  for  the  water  to  pass  through  the  full 
length  of  the  tuhe.   Therefore,  the  greater  the 
velocity  of  flow,  the  shorter  this  time  is  and  the 
greater  the  sensitivity.   Therefore,  to  reduce  the 
heat  ahsorhed  without  affecting  either  sensitivity 
or  rise  of  water  temperature,  the  proper  method 
is  to  decrease  the  coefficient  of  heat  transmission 
U,  and  the  diameter,  d^of  the  pyrometer  tube  or  the 
expression, E£d  in  equal  proportion. 

It  may  be  remarked,  in  passing  that  for  the 

pyrometer  tube  under  discussion,  the  time  it  takes 

for  a  particle  of  water  to  move  from  the  cold  to  the 

hot  end  is, 

t  =  1  -  9.25  -   6.16  sec. 
V   1.5 
If  a  change  of  furnace  temperature  occurs  at 

the  hot  end  of  the  pyrometer  tube  the  time  it  takes 

for  the  effect  to  be  recorded  is  zer©  .  The  mean  time 

for  the  recording  of  furnace  temperature  changes  at 

any  point  of  the  tube  must  therefore,  be, 

ta  «  6.16-^0  =  3.08  sec. 
g      - 
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Henoe   the   gratifying  sensitivity  of  this  type    of  furnace 
pyrometer. 

aetore  redesig-ning  the  tuhe  ,  let  us  rewrite  equation  1  and  4 
in  terms  of  internal  diameter  di,  of  the  tulre ,  and  thickness,  Tzndj^ 
Thus, 

(5)     d«ditTsdi(l+n), 

(1^)  US(tg-t^)=Y  dl   ftg-t^)=IKdi(ltn)L  (tg-t^)=  Heat  ahsorbed. 


(4^)  Ul(tg-t^)3387  di 


v(t2-t^).387  di     V   (t2-t3^) 


d 

1+n 

Suppose,   now,    that   the   inside  diameter,   d^,    is  reduced   from 
f"  to  x",   and  U  is  decreased  in  proportion , or  to  l/S  its  original 
value.      Tfeen  there  will  he   no  change   in  either  sensitivity  or  water 
temperature   rise    ,   hut  there  will  he  a  large   reduction  in  heat  ab- 
sorbed,   since   in  eq.(lg^)  reduced  to  l/S  their  former  value.      The 
reduction  is   therefore   to  1/9   of  the    former  heat  absorbed,   and  we   have, 

Heat  absorbed=l/9   {92,000)s  10.200  Btu/^     rlO.200  = 

33,500 
=  »3  Boiler  Horse  Power 

The   value   of  U  can  be    reduced  by  increasing  the   thickness  of 

the  pyroraeter  tubes   and  by  choosing  a  material  which  is  a  cross 

between  a  good  heat  donductor  &.nd  an  insulator.      It   is  thought  that 

.  alundum.   the   earthen  material,  which  has  lately  cone    into  use    for 

protecting  pj'rometer  thermocouples,    is   such  a  material,   inasmuch  as 

it   certainly  has  a  much  smaller  heat  conductivity  than  metal,    but 

still  has  not  so  much  heat  transmission     as  to  be  unsuited  for 

Tog 
pyrometry. 

■ihe  experimental  investigation  of  the   furnace  pyrometer  under 
discussion  was  planned  along  the    following  lines: 


jui. 
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lelijw  10  ^i^zvitiBflsa  i.^tfta  ni    ^sn-srlo   oa  stf  iii?r  3'Xu.i-   n^^^' 
-Js  ;r39rf  nx  aoiiOisos-i   :*a  ■  -       '   ^^   ^^^^   ^^"^^  ^"^   •    *°^^    ^■''''■^^''' 

3;v  Sac   .^3dioerf3  i  ^^d  i^isnol   ^di  'io   Q\£  oJ    .■.o.^zaa.    ^x  actio..-. 

Tawo-:.   39.10-^  laXxoa  ■>>  = 

3Bon:o  B  3i  doxrfw  Iyfxf>t3E  p.  ^.f.i-20orio  ^(f  in^   a>dx;*  T^:^^c.01^iq  drfJ 

^..iJ  i:l'.bdi  ax  n      .^o.ai^a-:x  ^o.-^noi,  t^arf  ^oon  .  n.3.rt.d 

'     ..   -.?      r«-T3*Bn  3  rio:'E2    -;1       •    "  ir-'oooriasit  'X3;t  a .    .         yii-osd-oiq 
;^xxd    .Istaax  aadt  ^H-riSoishaoo  j-aa   i:.i-..':iB  de. 

lafiniT  i3t9>iOTNiq   ^oaiii:;!   3dJ  'xo  ,ioi-- j^^u   v..   -^^fl^iflii^q-  ^   ''^^ 

:r,K,.  ;;v/oIIoi    arf:;  ;}noI;-  i)afm3iq  sow  noxaawoBli) 
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(1)   The    relation  between  furnace    temperature   distribution  and 
the   furnace  pyrometer  was   to  be    investigated   for  different  temperature 
ranges.        ihe    coefficient   of  heat  transmission,   U,  was  to  be   found  for 
different  furnace   temperatures,  with  the   velocity  of  the  vjater  in  the 
pyrometer  tubes  being  kept  constant,      xhe    effect    ,    if  any,    of  tooth 
or  fused  ash  accumulations   o-^  the   pyrometer  tube   on  the    coefficient 
of  heat  transmission,   V  was   to  be   found;    also,    the  variation,    if  any, 
of  V,  with  the   velocity  of  the  v/ater  in  the   pyrometer  tuue  . 

l2)   The    relation  between  heat   transmission,    from  a  hot  gas  to 
water  through  a  tube,   and  the   thickness  of  the   tube   was  to  be   sl-aeught. 
Seamless  steel  and  alundum  tubes  were  to  be  wxperinented  with. 

iSecause   of  the   great  time   consuming  nature    of  investigating 
farnece   temperature   distribution,    all  readings  were      taken  only   for  a 
constant  water  velocity  of  about,    1«5  ft/sec.     Preparations  were  made 
for  part    (2)   of  the   test,   but  the   electric  furnace  used  could  not  pro- 
duce   a  temperature    of  2000°  F.   as  was  planned.      It  was  caltxulated  that 
it  would  be   necessary  to  almost  double  the   platinum  ribbon  winding 
of  the    furnace   in  order  to  consume  the   full  SilW.    of  the   furnace   rating, 
since   the    current  was  limited  to  30  amperes,      various   f&ctors  made 
this  plan  unattainable  witi.in  the  period  available    for  the    investiga- 
tion,  and  the    latter  had  to  postponed   for  a  future    time. 

However,    the  method   of  analyzing  the    effect   of  tube   thickness 
onthe    coefficient   of  heat  transmission  is   given  below,   the    derivations 
of  the   basic   relations  being  given  in  the    appendix. 

iiefore   taking  this  matter  up,   it  is   interesting  to  note  what 
the   effect  according  to  eq.(4a)  and   (la)  would  be   if  the   thickness  of 
tube  were   varied  for  a  given  internal  diameter  d  Thus,    if  the 


thickness  were   increased,    and  therefore  also  ©  1^-n,    then  according  to 


^li-   i.i'jlw  j-ui--  -i;.-    aj'-;uaw     muii^ux    uJ3ffi'9Cf  no?"  viT    (X) 

i.Tii- h5i 3qa 9 J"   tnaialtxf)  •xoi   £3:}.  v.iW  •xaJav^oi;  f   ao.-iu-rLft.    id 

TO':   i5a';oi    act'  ot   3'^^   ,JJ    .ac rsaiTB-t-Ji?  Vf'-.aco    -^rfr        •         :i;i 

tcai^xi'taco    srf;?   no    3(f:;J  -lotD-noiv.q    3r{-^  *jc    nn-^'i^^Ixri   oos  rise  iaax;^.   "lo 

.  jjai  i9d'3£aoi\,q   aiiJ  at  i3t;i.v   da'-*'  "to  tjjxooXsv    iAi   ri-iw  ,r  lo 
0*  SBg   tod  a  noT^    .goxBalaaaait   J--s^rf  ri3j.-.**jd  noitfilsi    3rfT   iS; 

.riJiw  fiad-nij'iiiaqxw  ad   o;}'  91 3W  sddssi  au^acLa  hats  laata  aa^Iia-ia. 

a  TOi    i;Iao  aaiisJ      3i3w  a-^ax.osa^  LIb    ,noxJiJuxTJa-x>    i'^Xi-siaqai"   aoaa--  : 
3l>jja  aiaw  anoi^J'axaqiTC^l     .ijd;j\tt  o.I    .tifocTij  -o  \,tiool9v  1  jto?7  J-qairEfi.  0 
-oiq   toa  bluor,   ft^r^rr    joaa:!^/^    =-;'fto9'--i    D.it    tncf    /J-na-    -..-fl-  "^o   (S)    trnn  to^ 
j'jsrli'  X>aJ-sI..  ol-o  ^..v  il      .fiauxi^ii.  -fi   •  4  "^cjou   ;o    d'x^.J-^-x^iqaeg   j    30i;x> 

4        anilxiivv  floddxrr  nixiiiJrtaXf.  ;)Id'x;oi)  jaoaXa  oi-  ^4ij3BS303ii   Drf  fiXwow  i 

,2a.ii&i   ^oaatffl   arfJ  "to   .WXS  Ii>....  t  -35'ro  :ir   doan-xxji   ^di  lo 

ajjam  3io;Jo.j'i   a^Joxisv      . a 30: dcirikj  wv.  o:  ui^^   Jaaiiiro   ddl   30ci  ■ 

1    3i{j-  lot   aXcrsXxavjs  I)oi*£9q   arft  axiid-iw   aXcfaniflttaiuj  ru,! 

•  diMi*    d-xiJ-iJl   a  •^o''     '  >  :o.^  ■"  "0  T   ot    fii^u    '^ottal    ^rf:^   f;r;n    ,aoi. 

srioii-aviiafi   arii'   ,«7oX9rf  a^^vi^  ex  ixoissxinaasii'  *a9d  to  ia^ioltl^oo   ^diao 

•  xiMsqqa    ari*  fix  n^'V;     '-tJ  3^  aaolaaX  »f   n'-tr-.T    -ir{:J  t 
Jadw  ston  0*  s^-t*aj'ss*fli   si   i^x    ,qu  •i-3XJ"*i5ia  axaj  saiiLa*   3io-.3<, 
.0  a83a>:oxrr*   3rf*  li   atf  i>X;xow  (aX)   i>nB  (a^Npa  ot  aaxXitcoooa  :  -    uli 

9di  11   .Bifri'i'  />  i9*«c!''^    r  ■     3*nl  a3v;.',  a  10^  ijiiav   arr^w  acfi.' . 

oi"  3:  : '10  003  a  3d  J    ,a  <-X  e  ^  ,i>33-J3'x0iii   3i3V7  sada^Ioxdi 
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eq.    (la)t   V  v,ould  have   to  be   proportionately  decreased  in  order  that 
the   heat  absorbed  should  not   increase   also.      Increasing  of  thickness 
would  decrease  U  but  in  all  probably  much  less  than  in  proportion  to 
1-fn.      Therefore,    for  a  given  material  with  a  fixr.d  internal  diaiaeter, 
increase    of  thickness  would  probably  also  increase   the   heat  absorbed 
by  the   tube.     If  the    changes  of  H-n  and  u  were  universeli/   proportional 
to  each  other,   then   according  to  e*  eq.    (4a)   the  water  themperature 
rise  would  not  be    affected  thtreby.     iJut  neither  would  the    heat  ab- 
sorbed be    decreased,      iherefore,    at   the   best  there  would  be   no  gain. 
In  fact  since,    in  all  probability,    the   coefficient,   U  would  be   decreas- 
ed but  slightly  in  comparison  with  the   effect   of  increase    of  thickness 
upon  the    increase    of  Ifn  .    the   net  result  would  be   an  increase  in  water 
temperature  rise,   tg-ti     .  Although  the   latter  is  in  itself  desirable, 
it  is  not   so  at  the  expense    of  increase   in  heat  absorbed.     Mowever, 
Just  what  relation  does  increase   in  thickness  bear  to  decrease   in  V  is 
something  to  be   found  yet. 

It   is   •ishown  in  the   ^pendix  that   if,   tgrmean  temperature   of  the 
gas,   t     amean  temperature    of  tube,    outside 
tmil     "  "  "  "   ,   inside 

t^  •     "  "  "       ",   at  any  thickness    ,i_,    from  inside 

surface. 

t,  ^temperature    of  water,    cold  end 

tgz  "  "       "        ,   hot 

t   :  "  "        "        ,   at  distance    ,   Xi,    from  cold  end. 

dx"diameter  of  ary  poir_t   inside   the  metal 

Vi^coefficient   of  heat  transmissicn,    from  gas  to  metal 

V2=  M  H        M  n  n     ujetal  to  liquid 

C   rMetal  conductivity, 
that  the    fact  that  as  much  heat  is  transmitted  fr«rm  the  gas  to  the 


i.  .r{:r  "to   -^nt '^'o-roal        osf^-;    93C;)Yon-  c^c   b:)j~:c:.63  tBarf   add" 

I.- 7   uoii'loqj-'!    .li   aar.j    3U3i   riux.Ta   'iXd;.  a  .-iq  ±±:i  iix   JjJ'a    'j    jiJ3-o,o  susjo.': 

3iL.;i;'X9qm3rfJ  latavv  ad*  (ij^)    .pa  »  o*  .:   a  ids   ,ni.ad:o  rfo/^a  oi' 

-cfs  issd    ari/   f'liiow  -larftlDxi   tfih      »^o  .  i-oaV^.n.    3d  ten  filxr^rj-    35x1 

•  fli^g  on   5Ci   j^Iuoc  3'i3n-    jsju    :»!(,'   «ij    ,  iio  i.  d-x  3ixi .      •  oas..- j'loa^    30  jMijaiog 

jB-»ao9l)   9d  f)Iirow  U   , tnaxsi'tiaoo   srfj"    .^Jilitfaooiq  XIb  nl    ,  iO^ii?.  toat  iil 

.lavawoii     .f)30T'^'^-^.'--.  taaa  ax    ^-"i^toai  "xo    aanaqzs   drfo    :;  ■■  c-     ■ 
.3i  V  flx   S3B91031)  oj    i^dd   aadarioxiii'  al   asAiaioal   sdob  aois^Lo-j.  :;.,.i.»  Jji^,, 

.ta";:  banal   ad  oJ-  ^axrfi'aiioa 
;>cf--  "0   ^i0*3i9qraaJ  asams^;!"   ,t±  J^arft  xiBnacfqa   ^di  n't  nworlan  ai    tl 

afclatxfo    .atfjjt  ..0    a'XJj-'iiiaqiiiai'  aiiacii*      J    .ai^"^-, 
o^xani:   ,    "  "  "  ••     Ijtait 

©MenI  mo^rt:    ,j:,   saaar^oMJ  ^jna  *s   ,"       "  "  "     •  ^t 

•  aoa^ijjs 

Baa  i)Ioo    ,t9:J"X5W  *±o    atcj^tarcaqraadr;-* 

"       tod  ,  "  =-t 

•  ina  £)Ioo  raoi^    ,l1   ,    aonatslL  J-jS  ,        "       "  "  s   j 

la^aai  arf*   afcxani  taxoq  -^b  ^0  latanaiXi-^iB 

lata;".  0*  BS3  aotl    .nol^aiaafla-xt  t    v     ^0   taaioil^eoo^^V 

Jblwpil  0*  latam     "  "  ,.        n  n  ^..y 

,^uJ:viJ-oiji)nco  lataLiIs   0 
arft  0*    ^.i",  arf-J-  oTial  fjattirnaaatd-  al  tijari  doij/.t  bb  tarfJ"  ioat    ariJ   *  ,;., 
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metal  aa  through  the   metal  as  well  aa   from  the   metal  to  the  water 
can  be   expressed  by  the  following  three   equations: 

( 6 )  Vtt  d  ( t g-tmo  ^  =0^ <ix  r^ 

(7)  Cj-dx  -^  zVzTrkdiit^^'t) 

(8)  VgrK  <i   ftmi-t)=  vt/r/< ^d^     v  ")t 


Since  the   heat  transmitted   through  any  given  cylindrical  layer 
of  metal  must  be    the   same   as  that  passing  through  any  other  layer, 
this  heat  must  be   independent   of  the    cylindrical     I;7er  diameter, 
dy,   and  must  be   a  function  of  1  only;    i.   e., 

(9)  Cirdjj  T3s     =f  01) 

With  the   help   of  the   last  equation,    the   preceding  three  can 
be   modified,   as  shovm  in  the   appendix,    to  the    follwoing  forms: 

(6a)  Ai   (tg-tmoJ   =  ^2   f*mo-*inl^ 
(7a)  A2   ^*mo-"tini)   =  Ag   (tj^^-t^ 
(8a)  Ag  (tmi-t)     •  f  (1) 


where 


At    z   ^i^^ 

C    Jr 


Ag  IS  loge  1 
z 

Ag  s  VgTTkd 

f(L)    -  wrk^d^         dt 
—IT-  ^    TIT 

If  for  direct  comparison  between  the  gas  temperature,  t^, 
and  the  water  temperature,  t,  the  common  form  fo  the  heat  traaa- 
mission  equation,  were  used,  we   should  have, 

(10)  V;rd   (tg-t)   =  f(L).   or 


(1^)  A   (tg-t;      :  flL) 


where. 
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■xata-.v   idf  of  Lai-^.i    jdi  notl  e^  Haw  ss  lBfB:i\    idi-  ri-ni/otdt  aa  Ii3cf'« 

iai  ** 

,'i^;f;3  5.3xJb  i3vl£  IsoliJJKxI^jo   drf*  to   ■ia^hn^qsJonl   9tf  ^sjjki  i-Barf  aid* 

,.a   .J:    ;  iXflo  I  .o  act  tonal  n  scf  tsrra  Ms   .vb 

nso  93id*  Sai^309*iq    >dd^    .aoiJaiipd  J-eaX   arid"  lo  qXad   driJ-  d^iW 

tBa'io^:  gniowIXoi    3d-   of   ,xix)rt3qqB   -^rft  ax  .rxworis  nz   ,6jx1II;oa   3d 

(I)  1  ■     (t-;cr»it)   5A  (33) 

,  ii  ail  w 


F'^.V   - 


'A 


X'^eTi^  a  ^ 
1. 

-an-itt  taad  adt   oi  m^col  aociraoo    i»dJ   ,->•    ,  a-i/j-^'t  jqnaJ"  lajsw  jdT  £•>«£ 

.avad  Dljjoda   aw  ,i)3aij  9i3v;  .xioltsupd  noxsaioi 
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A   ;  V^ 

The   rel&tion  between  this''resTiltant''  coeflicient,  J/,   and  the 
"component"  coefficients, 

l/l,   ITg,   C,    is   shown  to  he, 

(11)  1   :  1,     1         1   ,  '   ^'  '    ' 

vi   similar  to  the  expression  for  electrical  resistances  in^eriet,. 
Since  IT,  l^i,  tfo*   ^^^  ^   Increase  with  "heat  conductance",  their  recip- 
rocals, and  therefore  also,  1,  1,  1  ,  1   represent  what  many  he 

A  Xj_  Xg  x§ 

called  "heat  resistances"*  There  is  thus  an  analogy  between  the 

expressions  for  electrical  resistances  and  for  heat  resistances  in 

series,  which  is  rather  striking. 

Rewriting  equation  (11)  with  proper  substitutions,  we  get, 

1 

(12)  1  z       1  log^  g  1 

.      VTir  V^Trd  "TT^         Vgr-kd 

or 

1 
(12a)     1.1     ^    dlog  g  I 

Since , 

d^   8  kd, 

the  i,ast  equation  may  also  be  written  asf 

i 

(13)  1=1     di  logg     1 

^         IC 

from  which  it  is  apparent  that  if,    for  a  constant  insii^e  diameter, 
d^,   of  pyrometer     tt,b€ ,    the  thickness  of  the   latter     and  therefore 
alsojae   varied    ,     _,   different  values   of  V    will  be   obtained.      If  now 
three   such  thicknesses  were    investigated,   we   should  get  three 
equations ^unknowns,   V^,  Vg  and  G,   and  these   equations  would  be   indep- 
endent of  each  other.     By  solving  these   equations,   the   values   of  P^, 
tfg  and  C  would  be    found  as   separate   coeffieients  rather  than  thiir 
resultant  value,  ^,  which  is  the    coefficient  usually  measured. 
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,a::a^ioi2l900  "i'iidxioqinoo" 
,acf  oJ  n«ro:le   si    ,0       V    ._.V 
,   X         I     .1:1     ill) 
..k3xi3afix   adOflij-J^axBSi  Laoliioali  loi;  noieaaiqxa    iri-   ot  isXiiais  la 
•7X031  1X3!-    ," 90iiSiioiibaoo  t/i9rf"  ifvi-xw  SBiiaioaJ:    o  bnsi   ,oV.   ,iV   ,V    30x1x8 
3cf     ';a£;3  tsrf.y  J-naadiiJi       i   ,   £   ,L   ,1   ,o?,I&    ^lo'iaij.i-   .^  i..    .aXj^ooi 

,-l"T"  "T  "T"  "^ 

£>^  ^<u       r^  .<j. 

al  esofljii'aiy 31  JBarl  lo"!   I)n&  £ji>oxiBJ"sxjdi  luJolijOdld  to^   BnoxesaiJXd 

.^,fli:>"xit8  TJili'ai  si:  rfoixlv;   ,3i>xiae 


i^qc 
I 

-^ 

I 

,  9011  IS 

t 
01         -^ 

,i9t9caBJ:l>  dfexeuil   tnxid-arioo  a  toI    ,"^.1   d-ijrit  Jnerrr.qcs  ai   ii.  noxx[w  cioi!t 

9iol9i9riJ'  Bna     i3o*^X   ad*  lo  ai-j.iiuir.w    ariJ    , -tf$w      isd'^iao'i:';^  lo    , ih 

.on  II      .ftdnxi?;5-tfo   ad  Iliv?     V  "^ro-  Bsi/Isv   taaislliL    .        .    i)3ii3V   acf 'oule 

-qgjjnx   9u  ilrov;  snoid"ii.upy    jdsii;  Lxi^-   .^  j--a^   ..V   ,  jV   ,SKWoii.n....u^a«oitiJ0p9 

,_£V  *Lo   39x;Isv   arij"   .Bnoltaxfpa  asdrii  SJ^ivIoe  ^fi     .i3rfjo  rfosa  ^0  jaaluia 

'xxiriJ"  OBfi't  ■i9rit?3i   sJn=«roiTidOi>    at-ctarr-je    ..  o"?:    ad"  J:;Ixfow  0  f)nB  ^V 

.fjaixiu.L,  Jill  •(,!:. -;x;:;xj   jTi:>iol'ix  aoo    ^u.    s-  ii;.xu..    ,V   ,  ji/I^v   ^^'^rtiJj'Xxj'SSi 
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Then  the^  value    of  V_  could  te    calculated   ,    froia  eq.    (13)   for  various 
thicknesses   of  tube,   without   the   necessity  of  investigating  each  case 
experimentally.     Also,  knowing  the   eftfect   of  metal  thickness  upon  the 
resultant  coefficient   of  heat  transmission,   IT,   design  sHrtib 

problems  involving  the   thickness  of  pyrometer  tubes  could  he   analyzed 
and  solved  rationally. 

Beside   the  mechanical  prohlem  of  heat   transmission  involved  in 
the   electric   furnace  pyrpmeter  design,   there   is   the   electrical  problem 
of  measuring  and  recording  water  temperature  rise  electrically. 


■i 

9d^   flo  .'i;  ^.    3-.-ro -fit   liii-an  "io   tos'feia    jxlr  -n.':?.'.         ,  .vjl.ijriai-xiarfjii 

*r.  -  :isj;33x    ,  Vt    ,nox3;^iae£U5TJ"   -.031:   .0   .ra3xoxl_so:    d"nj.'ii;3ai 

Sas^Iiias   9d  i«IjJoo  -.scfuJ'  t ^-^ ^ziaxq  to  aasruloirii"   adJ  ^nxvlovni  EniplQoaq 

islooiq  lisoiitoals  3rit  ai    szod'f   ,nsis3f)  tetsjap    ^.    aoaniijl   oxi-osia   3d- 
.\;IIr50i:i-J"o-3l3   33iT    aT:;ti:rr ^cn d4  istarr  ^anifd-ooaa  i^ns  ^nlTirp.sa.Ti  '>.o 
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Forlindicating  purposes,  copper-advance  thermocouples  nay  be  used, 
Their  calibration  curve  is  shown  is  Fig.  1. 

Figure  1. 


.  >  J-  "'(,'.1^,*' 


;'C  o,-" 


,:/.<i.:Lix 


f^.t'. 


,bQ£iii  itd  ^--n  Bdlqiroooia-raiii-    soasvL.y— ij  ,qco    ,3330 .iirq  Qnit..oii;ni  .'lO'- 
.I    .^T'..   ax   aworio   ax   ovii-O  a<:  xJ^BidlliJO  ii  :)£[T 


-15- 
To  increase   the   thermal  e.  m.    f.   a  number  of  then  may  included  in  the 
same    theperature  plug  and  coonected  at   their  cold  ends  in  series.     Be- 
cause  of  the    small  room  occu:pied  by  these   Ihin  thermocouples   it  would 
be   no  difficulty  of  placing  as  many  as  1©  to  20  of  them  in  the   same 
plug,   and  the    temperature   of  water  could  be   measured  within.      If  now, 
one   such  plug  is   screwed  into  the   cold  end  of  the  pyrometer  tAbe   and 
another  one   into  the  hot  end  of  this  tube,    the   difference  between  the 
two  thermal  e.   m.   f's.  will  be   proportional  to  the   difference   of  tem- 
perature between  the   hot  and  cold  ends  of  the  pyroiiieter  tubes.      This   is 
evident  if  it   is  noted  that  the   cold  ends  of  the    two  thermocouples  are 
at  the   same  temperature,   too.     ihen  the  emf.-s  generated  bj   the  thermo- 
couples are, 

(14)  L2      :     K   (t2-tg) 

(15)  li     =     K   (ti-to) 

If  now  the   difference  between  these  x  wo  e.   m.    f's   is  measured  by  means 
of  a  differential  mi  Hi  voltmeter,   the   reading  of  the   latter  in  mill- 
volts  will  be  proportional  to  the    temperature   difference,   t<^-t_  . 

<-     1 

Thus, 

(16)  Lg-Ii   ■-  K  (tg-tl) 

The  differential  millivoltmeter  may  be   calibrated  to  read,   the 
difference  between  furnace  and  room  temperature;    or  it  may  be   calibrated 
to  read  o/o  excess     air  directly. 

Thus,    for  the    first  case,   we    combine   equations    (4a)  and l 16),   and 

we   ge  t , 

(17^     t    -t^   ::  387  div   (tp-tn)  g87d,-v        /Lz-I^U  K    iLo-ln  ) 

Since  the   difference  between  the  mean  water  temperature  ,t^,   in  the  pyrom 
eter  tube  and  the    room  temperature,tQ,    is  small  as  compared  with  .the 
furnace  temperature,   tg,    the  above   expression  shows  the   diffcronoe 


£4j;c  .\   tx   osIquoooffli^ffJ'  nixlj'    as&rfw  '^J  l>9lq  .r;ooo  m.001  ££b;:x.:    '^cls  io    seir^so 

9uiii8   9ri;J'  ni  macIJ  'to   Or.   ot  01  g..   ^;a.3ra  sij  ^GiosJ:^  "io  -^d-lj/orilif)  on    ad 

.^•jon  II      •i^xri.Ms'.'  fjei^a^a-a   jd  Miioo  idifav:  "io   •dns'^^iiKiiidt   sdi  baa   ,3.t;I  ; 

Laxi   ddift  iei'£>moi^jq   arf-   Io  bna  hloo   arft  oJ^ni  fowa'ioa   al  3xrlq  ricuB   ano 

edj  fl33Trt9<i  aciDoiami)  arit   ^adxr*  ai:  ..■  :-jd  ddi  o^al  ^ao  i9dtov\si 

-c&i"  to    BOndis'L-'ilh    jriJ  0-    Xjonoi^iOjOiri   su  lixw   .3*!t    .ai   .9  iBoaailt  ow* 

ex   yxrii'      •astdxrt  laJanO'x^q  arit  xo  sLaa  bioo  ijfu  toii    jjIw*'  nsovr^Dd   dii/i'iJiaq 

sit    asIcuoooni-sriJ"  owJ"    sri;}'   to  s^aa  J6I00   arft  ''•■■-rft  fidtfoa   si'ti  ':li   tnalixva 

-or!ii9di'  adJ    .6  bQ'^&ianv^  a  •laid  add"  fleri^'      .ood    ,  aiatfii'idqmat  dnxsa    irit  ta 

,BtB  salquoo 

V (j-^u"  '  '•     Z     •'<  "       ■' ■^•^ ^ 

ansaffl  '^:cr  i> dtCxiaa aci  si:   a'!t    .ra  .0  ow  ar  ^aadt  nsevrf-ad  donaiollxl)   jd*  won  II 

-IX.Lffl  nx  i8t*Bl   add-  ^c  galMaa  adi-   ,i9J-oift*IovxIIxffi  lBiiti^n&tli.b  a  to 

..t-.t   ,  dors  31 3^.11  £   g'XijJ'artaq.v.at    Jilrl'  oi"  XBnox*ioqoiq   9d  XIlw  aJ"Ior 

,airdT 

3:  :^   ,1)331  oi-  i>a^BidxlBo  -ad  ^ea  i3:ta«d"IovJ:XXlR!  Xsx i-fl  ai  all Il>   adi 
idJ^i-v'^uiXBO   id  -^Bm  ti  10   ;  aiataia^st  mooi  bu^^  auiiimft  ndav/tad  eonaie'i^xl) 

.^IJoaiXli  Tia     BSdcocs  o\o  Lsai  ot 
taa   ,(dX)I>n3  (S:^)    anoii-aijoa   dnxdiaoo    d«r   ^aa-o  d-aiil    ydJ-  lOl    ,sxrd'r 

.*3a     3W 

jV  ikavXi 
'    "iq   9cii  ni    ,^7^-,  eixrJei 9 qcfi3-J'  isJ^w  nfisn  dd'J"  naewtad  ©onaidiliJ?    drii"  aonXB 
Qdi.  At  I'll  iaioqmoo  ea  XXama  ai.   ,^,t,5"rfT?.".i9qni9d-  raooi    adt  fina   ddisi  raiQ 
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that  the  millivoltmeter  meaaures   the   difference   between  furnace   and 
room  temperatures  directly. 

For  the   second  case,  we   note  that  the  rise   in  temperature   of 
the   ga,3es  in  the    i'urnaoe   above   room  temperature  may  be  expressed  by, 

(18^       t^-ta  =  fH 

P 

•-.j.r  . 
where, 

H  r  Btu/#  coal 

W  :  #  air  /#  coal 

Cp*  specific  heat  of  air,  at  constant  pressure 

f  z  correction  factor   for  radiation,    incomplete   combustion,   etc 

How,    it  is  an  accepted  fact   that   for  all  coals,   about   7.5  lbs. 
of  air  are   required  for  each  10,000  Btu  in  the   coal|   Therefore,   the 
theoretical  air  require xaents.Wn.    for  E3tu  or  per  lb.   of  coal  is, 

10  ceo  '      ^ '-"'*''  ^~   ■.  I.. >. '-a..>  .i '.■•>. • 

If  n  tines  the  theoretical  requirements  of  air  is  used,   then, 

(20)  W  s  nW.    s  7.5nH  '     " 

»       10,000 

and  the  temperature  equation  (18)  may  be   rewritten  as, 

(21)  tg-t^  5-  ffl K    f 

(7«5nH^l    )     57"         T     7.5n  ) 

(10,000      )       ^  (   10,000  4-1      )     c^ 

1  S"  )      P 

Since,  the  expression  1  is  much  snaller  than  7>5n 

5  10,000,  we 

may  replace   the    former  VTith  the    average  value   cor x-e spending  to 

H  a  12,500  Btu./#,   and  we  get, 

(21a)     t   -to-     f 

^(        7.5n   ^^jQOfi) 

(      10,000  )     G 

(  )       P 

For  any  given  furnace,   the   correction  factor  f,   whiikh  depends  mainly 
upon  the   direct  rediation   tl'om  the    fire   to  the  boiler,   is  a  fixed 
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charaote^istic.    Therefore,  when  f  or  rather  the   ratio  of  f  is  onoe 
determined  for  a  given  boiler  setting,   the    relation  betweefi  furnace 
temperature    difference,   t^-ta.   and  o/o  air,   n,   hecocies   fixed  and  def- 
inite ,   regardless  what  the  nature    of  coal  or  the    flue  gas  analysis 

may  he » 

Thus,  for  f  z   'SO.  Cp  =  .24,  and  theoretical  air  requirements  or 

n  -l,  we  get, 

t„-t„  •        .80 -   4000°  F    ,        ... 

S  ^  C 00075 -»-. 00008)  .24  •'-■  ■"'■  ■   "^"•■-='  ■-■ 

For  the  same  conditions  and  EOOo^o  air,  or  n  :  2,  ve   get, 

t   -t«-  .80 -   2100°  F    -   "'■    ' 

S     ^"    (.00160*60008)    .2'4 
which  justifies  the   statement  previously  made    that  the    furnace  pyrometer 

indicatdion  is  approximately  inversely  proportional  to  the   o/o  air 
used  for  combustion.      The   more  exact  relation  is  given  by  equation   (21a) 
It  is  to  be  noted  also,    that  if  in  the   casd  of  theoretical  air  require- 
ments,  the   assumption  of  12,000  Btu/#  coal  has  an  error  of  say  10^, 
then  since    .00008  is  about  10^  of  .00075,   a  10^  error  in  the   former 
results  in  only  10^  of  10%  or  2$  in  the   sum  of  .0Q075->-. 00008;  .00083. 
For  100^  excess  air  this  error  is  reduced  to  |  %,   etc   Since    the 
usual  condition  is  100^  or  more  eiicess  air,   the  approximation  of 
1  -  .00008  is  within  permissible   limits  of  error,   and  equation   (21a) 
is   justified. 

Evidently  then  by  combining  equations    (17)  and (21a),  we   can  get 
a  direct   relation  between  millivoltraeter  readings^c^-i^  *«<   >i  air, 
n,  used  in  the   furnace.     Thus  we  have, 

(22)         tg-t^  :  «87diV  teg-ei)         _^   _^     _  ^ 

K  (l-^n)ifc ~       -  S     a  -   (7.5ti       ^.00008) 

(10,000  )    Cn 

or 
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(23) 


n: 


kf   (l^n)  VL  -    .00008  /      10,000     - 

387di  vCp    (e2-ei)  ^       TTB 


-     3.45  kf  (l-m)yL               1              —  .107  -  -Z^     "  ^lO? 
d     V  C  ez-e  -  

^  62-61 

whe  re , 

k2  =  3.45gf  (l^n)  VL 

di  V  Cp      '  •-■•'' 

By  meana   of  the    last  equation,   the   millivoltneter  may  evidently  he   cal- 

ibrated^directly. 

If  the    farnace  temperature   difference    is  to  he  recorder,   the 

thermocouples   are   replaced   oy  resistance   coils  of  apprecialhe   resistance 

temperature   coefficient.     Very  thin  enameled  copper  wire   is  best  for 

the   low  temperatures   (below  200°  F)  encountered  In  the  water  of  the 

pyrometer  tube.     Thus,   since, 

(24)  H^   =  Rq    /^l-a  (ti   -32)^ 

(25)  R2   :  Rq    lye.   ^^^'^^    p 

where  R^  s     resistance   of  the  wire  at  32°P  we  have,  '''"^ 

(26)  Rg-ai  :       Ro     a   (tg.tl    ) 

Therefore,  the  water  temperature  rise  nay  be  calcualted  by  meas- 
uring the  difference  of  resistance  between  two  copper  coils  placed  at 
the  hot  and  cold  ends  of  the  pyrometer  tube,  respectively.  The  relatiaa 
between  the  resistance  difference,  R2-RI,  and  the  furnace  temperature 
difference  is  the  same  as  that  given  by  eq.  (17)  for  thermocouples,  if 
K  is  replaced  by  R^  a  .  The  same  holds  true  for  the  %  air  relation, 
as  given  by  eq.    (23). 

To  measure  the   difference   of  resistance,   Re-St,   automatically,    the 
differential  galvanometer  method  is  used.      The   galvanometer  will  read 
zero  when  sufficient  balancing  resistance   is   added  in  series  with  the 
smaller  resistance,   R^,   to  balance    the   a  larger  resistance_R2^,    i.   e.. 
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when  the   voltage  across  the   first  two  resistances  is  equal  to  that 
across  the  last  resistance.     When  due  to  change   in  temperature,   the 
decrease   or  increase    of  resistances  u:  balances   the   voltages,    the   gal- 
vanometer vvill  deflect  in  either  direction  depending  upon  the   direction 
of  unbalance. 

If  a  galvanometer  relay  is  used,   similar  r  to  the    one   used  for 
flow  Eieasurement  by  the   Sargen  Steam  Ifeter  Co«,    then  the   deflection  of 
the  galvanometer  may  be   caused   to  aet  like  an  automatic  switch  closing 
the   field  circait   of  a  series  motor  of  the   Universil  type,   and  the 
motor  vrill  rotate    ina  direction  corresponding  to  that  of  the   galvanometer 
deflection.     The   motor  may  be  made    to  move  a  rheostat  handle   and  thus 
vary  the  balancing  resistance  R=  Kg-R-j^  until   the   galvanometer  returns 
to  its   zero  position,    the   field  of  the  motor  is  automatically  opened 
by  the   galnanometer  relay,   and  the   motor  is  stopped. 

The   balancing  resistance   RrBo'^  ™^y  ^^   calibrated  to  read 
directly  either  furnace  temperature    difference,   t   -t„,    or     %  excess 
air,   n-1    .    as  may  be    desired.      The  motor  may  be   made    to  move     a  graphic 
pen  a  well  as  an  indicating  pointer,  and  thus  the  pyrometer  may  be   made 
recording. 

FURIIACE  PYROMETER  CAXIBRATIOIf 

The  pyrometer  described  wcs  tested  on  a  350  H.  P.  Sterling 
Tbii  boiler  at  the  Armour  Institute,  ihe  water  was  supplied  by  a  f" 
pipe  line  at  city  water  pressure,  the  flow  being  regulated  b  y  a  ¥» 
valve.  A  monometer  at  the  cold  end  of  the  pyrometer  tube  indicated 
the  pressure  of  the  flowing  water  at  the  ^ginning  of  the  tube,  and 
when  at  the  hot  end,  the  water  was  allowed  to  discharge  freely  into  the 
Bweg  sewer     at  atmospheric  pressure  without  cjiy  restricting  valves,   the 

monometer  measured  directly  the    friction  pressure   drop  through  the 
pyrometer  tube,     ^y  actually  weighing  the  water  discharge,    the 
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monometer  may  "be  calibrated  to  read  lbs.  of  water  per  minute,  direct- 
ly. The  monometer  calibration  curve,  is  shown  in  Fig.  2,  below. 

Figure  2. 
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By  setting  the   valve  until  the  monometer  indica1»il  corresponded  to 
the  desired  flow,   the   latter   could  be  maintained  constant  during  each 
run.  '  '■■"    '■■-  ■;    ' 

Specially  made  temperature  cups  wei-e   screwed  into-*- Y— '  fittings   , 
once  at  the   cold  and  another  at  the   hot  end  of  the  pyrometer  tub?."    These 
ci/ps  were  partially  filled  with  oil,   and  calibrated  mercury  thermometers 
were   immersed  into  this   oil.     These  thermometers  gave   the  cold  and  hot 
end  temperatures  of  the  water  flowing  through  the    pyrometer  tubes. 

For  measuring  the   furnace   temperatures  at  the   different  points   of 
the  bridge  wall,   a  thermocouple   twelve    feetlong  was  obtained  and  marked 
every  foot  of  its  length*     Also  a  small  fire    door  between  the   bridge 
wall  and  the   first  row  of  boiler  tubes  was   opened  ana  an  asbestos  board 
with  an  opeMng  on  its  bottom  was  fitted  into  the  door  cavity.     The  •»♦- 
thermocouple   could  then  be  moved  in  and  out  the   furnace   through  the 
opening  of  the   asbestos  board,  without  tbe   objection  of  letting  a  lot  of 
cold  air  into  the    furnacd. 

The   thermocouple  was   connected  to  a  Leeds  &  IJorthrop  potentiometdr 
type   of  millivoltmeter,   the    thermal  e.  m./.   being  ferftfl  balanced  against 
the   voltage  drop  across  a  variable   calibrated  resistance,  produced  by 
the   e.  m.   f.    of  a  standard  cell.     When  the  voltages  were  balanced,    the 
thermal  e.   m.    f.  was  disconnected,   and   the   drop  across  the   varialle 
resistance  was  measured  by  the  millivoltimeter.      In  tfaat  way,    the   error 
due  to  the    voltage   drops  across  the   connecting  wires  were   avoided. 

The   test   consisted  of  adjusting  the   flow  to  a  predetermined  con- 
stant value  by  means   of  the   valve   and  the  monometer;    of  inserting  the 
thermocouple   to  the   last  marked  foot,   and  taking  the   temperature   reading 
by  metns  of  the  millivoltimeter;   and  finally,    of  reading  the   two  mercury 
thermometers  in  the   cold  and  hot  end  temperature   cups. 
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The  thermocouple  would  then  bt  moved  out  to  next  foot  mark,  and 
the  readings  would  be  repeated.  This  was  done  for  eight-, different  foot 
marks, corresponding  to  almost  every  foot  along  the  bridge  wall. 

A  series  of  such  tests  were  made  on  different  days  in  order  to 
cover  as  large  a  range  of  furnace  temperature  as  possible. 

A  preliminary  calibration  test  of  the  thermocouple  was  made  in  an 
electric  furnace  agatnst  a  standard  platinum  thermocouple. 

RESULTS  AND  CAICULATIOKS 

The  calibration  curve  of  the  12  foot  thermocouple  is  shown  In 
Figure  3.  As  shown  by  the  curve,  the  calibration  was  made  up  to  2200°  P. 
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FIGUEE  3. 
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Table  1  gives  a  sample  of  data  taken  for  the  furnace  temperature 
distributicn  and  heat  transmission  tests.   From  the  millivoltmeter  read- 
ings and  the  thermocouple  calihration  curve,  the  furnace  temperatures 
were  figured  out  at  different  points  of  the  bridge  wall. 
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Be cause   of  the  variation  of  average    furnace   temperature   during 
any  one   test, it  was  necessary  to  take  the   readings   for  the  conditions 
as   found  and  then  tabulate    them  according  to  water  temperature   rises 
porduees.     Thus  all  readings  corresponding  to  within  2|0  F  on  either 
side  of  say  400  F  rise  were   tabulated  together,   and  the   furnace   tem- 
peratures-for  the  different  points  along  the  feridge  wall  for  this  aver- 
age  condition  were   thus  available    for  com^rison.     Haturally,   the   tables 
for  some  such  water  temperature   rises  were  more   complete   than  for  others, 
and  special  efforts  were    then  made  to  secure  the   readings  at  the  points 
and  for  the  water   tamperatures  for  which  one  was  short  of  data.      The 
highest  water  temperature  rises  investigated  were  around  the   900  w  point. 

A  sample   of  such  tabulated  data  as  well  as  the  averages  of  the 
furnace  and  water  temperatures  is  given  in  Table   2.      ihe   latter  also  in- 
Jludes  the   calculated  U  for  the  particular  furnace   temperature  difference 
mder  consideration. 
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It  will  "be  noted  that  for  any  given  "bridge  wAll  point  of  this 
table  the  farnace  temperature  varies  as  much  as  5%   above  the  average 
temperature  at  this  point.   This  indicates  the  variation  of  the 
temperature  distribution  along  the  bridge  wall  with  time.   If  the 
variations  at  allpoints  along  the  bridge  wall  were  all  in  the  same 
direction  or  non  compensating,  there  would  be  a  maximum  possible, 
sampling  error  of  5%»   Ordinarily  there  would  be  some  compensation,  bo 
that  the  variation  of  the  relation  between  the  average  furnace  tem- 
perature and  the  average  water  tenrperature  rise  would  be  less  than 
5%.  However,  ae  to  play  safe,  we  may  state  that  as  efficient  as  about 
10'  of  tube  along  the  bridge  wall  may  be  for  sampling  purposes  as 
compared  with  that  of  point  sampling,  *©r  there  is  atill  a  maximum 
possible  error  of  5%   due  to  the  variation  of  bridge  wall  temperature 
distribution. 

It  may  now  be  in  order  to  remark  that  the  pyrometer  tube  *© 
was  slightly  covered  with  sooth  or  slag,  most  of  which  was  usually 
carried  away  by  the  moving  gases.  Several  attempts  were  made  to 
note  the  variation  of  the  results,  if  the  materials  on  the  pyrometer 
tube  were  scraped  off.  It  was  foung  that  there  was  about  1%   increase 
in  conductivity,  when  the  tubes  were  thus  treated.  Considering  the 
5%  possible  error  in  the  sampling  efficiency  of  the  tmbe ,  it  is 
evident  that  the  effect  of  «oot:  accuiaulation  outside  the  tube  is 
negligible. 

The  average  temperature  distribution  curves  along  the  bridge  wall 
for  several  water  temperature  rises  are  plotted  in  Pig.  4  below. 
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PIGURE   4. 
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Pigure   5  gives  the  9-  curve    or  the  values   of  ff  calculated  for 
different   ftirnace   temperature   differences,  from  the   talles  given  in  the 
appendix  and  similar  to  table   2. 

From  the   curve   values  of  U  could  he    found  for  any  furnace    tem- 
perature  differences,   tg-t^,    and  used  for  calibrating  the  indicating 
or  recording  pyrometer  to  read  furnftce  temperature   differences  directly. 

After  a  comparison  is  made  between  these  values  of  U  and  those 
between  th«se   ▼ajbw  that  will  be   obtained   from  the  hei|t  transmission 
test  using  an  electric   furnace,    it  is  hoped  that  a  rational  relation 
between  U  and  overall  temperature  difference  will  be  evolved. 
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FIGURE   5. 


• 

f 

n 

M 

• 

^  J 

« 

I 

^  I 

ki 

li 

•3  ^ 

\ 

J'' 

> 

tf 

I             9 

\              • 

1 

1      • 

■ 

.5  < 

\             • 

\ 

•^ 

\ 

\ 

<4 

\ 

^ 

9 

/)     JO     jr/»7fj< 

•                    \ 

< 

^ 

« 

.3  wjiQv: 


'♦  «li 


«   «5 


M   ^ 


*t  \ 


*<;^H 


y.-*:- 


♦«   4 


^   vi 


'^     *{      V 


■  *,-•«,■■■  jji 


■'■^•-;^  .  ■■    .    ■■-\'-  ■"    ■ 


K    N 


n  5*. 


^  it  > 

>     •>    N 


^v-v- 


M     f^ 


S.   \ 


K     ^ 


►>  i: 


1v      K      ^       I, 

V  ^  V   sk 

K    Ji:     h    S 


\  V 


>  :^ 


>•  n: 


«  n 


%i   ^  «\ 
5  ^  ?   1. 


5  5t 


i  ^  C 


V.   U    I, 

V    H    M 
\   i    i 


5    **    1^ 


n. 


w  >  '»* 


^  ^ 


u    4? 

•* 

W    ^ 

«• 

%    W 

• 

c»   t\ 

« 

H   "^ 

^« 

>5  \ 

N. 

w  '^  ? 


C     i 


^  v« 


^^■?-:;;/;r:- ,. 


<•  ^  V.  , 

^  ;i  i^  5  ^  ^ 

5>  h  0  ;*  N 

t^    k  ^  >•  0»  N 


«o    ^    <^' 


»:  N 


K    5 


^  ^  ^  Q 


k 

^ 

^ 

^ 

5 

!i :} 

w 

I, 

k« 

>4 

;^ 

t? 

i 

^    H    S 


WI^-'i^'^'^^i^m&^F-:^' 


M    1.     k.       ■ 


K.   K    K    i 


.^    K   i.    S? 


V>    V. 


i  »*  xo 


>»  >• 


^  ^  .* 
^  ?  ^ 

i    k   •» 

0 

>• 

*       »»       T 

V 

♦    \C    \i 

^         \m        Vft 

>4      ^      >• 

N     ^    K 

«     0      «     ^     <•     ►> 

>    S    H    JK     *    X 


i^^^ 

H  « 


^  ^  >i 


*  ^ 


h    ^j 


I 

4    Jo   Vi 

5  ^  ^  <J 

5  5  r 


Si 

^ 

% 

K 

« 

S 

K 

0 

5 

N 

s 

N 

A« 

^ 

^ 

t 

S 

^ 

^ 

^ 

.^.^Jj 


'^      «c     '^ 


ll  >)  ^ 


K  k:  K 


^^$ 


K  K 


H  V. 


K    K 


;i? 


>»  :^ 


* 


h  y) 


>i  ^ 


^4a 


mmM 


'irfin  :::!-■':'!.;■,■  :M;iiV 


■  }:•'■■■  !y  •  ■,'• 


;  ■  -    ■    .  I :  I     ■     ■  '  .  .  I '  ■  f 


„'|ivi-i: '!':''; 


l,...t. '  !■' 


■:'''iW-:'':rS^'i:'M:'mh\ 


■'(!;'■'■ 
-'  'J', 

'.Ill 
111 

'4 

''1 

']'■;]{ 


/  •'   '':'  ■:i  nil 


•(,   ;     !',■'."' 


